ABSTRACT
INTRODUCTION
X-ray based technologies have been commonly used for the inspection and characterization of a variety of natural and man-made materials and devices. For instance, Stojanovic used the X-ray powder diffraction technique to determine the structural and microstructural parameters of Bdoped PbTe semiconductor [1] . X-ray diffraction patterns of iron oxide powders were analyzed in Shi and Hwang's investigation of microwave-assisted miniaturization of chemical plants [2] . X-ray micro CT (Computed Tomography) is a very popular technique for nondestructive inspection and characterization of structures, materials, as well as microelectronics and MEMS devices. Nano-focus X-ray sources are commercially available in recent years, and highresolution Nano-CT has been developed [3] for materials research [4] .
Micro mixers of planar configuration are the main components of today's micro sensors and micro biological, medical, and chemical reactors/analyzers, which can be batch-fabricated and easily combined with microelectronics using the integrated circuit technology. Mixing of two or more fluid streams is also encountered in other MEMS or microfluidic devices such as micro pumps and valves and micro heat engines. Plastics are the favorable materials for micro mixers. They cost less and are easier to handle and use than most other materials used in the fabrication of microfluidic devices and components. Most plastics are transparent, thus flow visualization is easy. This feature is important to medical devices for which easy and continuous monitoring of fluid flows are often required. A transparent shell also makes it convenient to inspect the mixer interiors, detect leakages, and study the flow inside the mixer.
Different plastic materials have been tested and a variety of packaging and assembly techniques developed for the fabrication of plastic micro mixers. At present adhesive bonding and hot embossing are the popular packaging techniques for plastic micro mixers. Innovative designs and methods (e.g., [5] [6] [7] [8] [9] ) have been developed to improve bonding strengths and conditions, prevent adhesives and sealing materials smeared into the mixing chamber or flow channels, facilitate the packaging process, and reduce deformation during packaging. Plasma bonding is another technique that has been applied to the packaging of plastic microchips and microfluidics fabricated from plastics as well as glass and metals. Double-sided tapes were used to bond two glass slides in Greer et al's manufacturing of microfluidic channels [5] .
The machined or etched surfaces in plastic mixers are often opaque, prohibiting visual inspection with a magnifier or optical microscope. Of the 3 nondestructive methods (IR transmission imaging, X-ray tomography, and acoustic microscopy) currently used to inspect bonded devices [10] , X-ray imaging has gained increasing popularity for measuring and characterizing internal features and flaws of MEMS and microfluidics. However detailed information (e.g., [11] ) about the application of X-ray CT for the inspection and characterization of microfluidics is rare. This motivated the present investigation of 3D (three-dimensional) X-ray images of micro mixers fabricated by different packaging techniques.
FABRICATION AND PACKAGING OF MICRO MIXERS
Two types of micro mixers of planar configuration were fabricated in the present investigation: a T-shaped mixer and a swirling-flow mixer that involves a circular mixing chamber with two tangential inlets and an axially directed outlet. Photos of these two micro mixers are given in Vol.8, No.3 Three-dimensional Inspection and Characterization 173 figures 1 and 2. The pink powder in the photos is the dried red ink (Rhodamine) used in our flow visualization experiment. The rectangular mixing chamber of the T-mixer was fabricated out of a thin acrylic sheet and glued to another acrylic sheet to enable the mixing process to be observed easily. Two inlet and one exit channels were drilled into the mixing chamber after the two acrylic plates had been glued together. The diameter of the flow channels was approximately 0.4 mm. The mixing chamber was approximately 20 mm long and 4 mm wide, and its thickness was 0.4 mm before packaging. 
The swirling-flow mixer was also fabricated from acrylic sheets for easy observation of the mixing process. The circular mixing chamber and two inlet channels were micro machined on one acrylic plate. The exit flow channel was drilled through another acrylic plate. The mixing chamber was approximately 0.4 mm deep before assembly and its diameter was 5 mm. The two rectangular inlet channels were 1 mm wide and 1.5 mm deep at the mixing chamber rim. At about 2 mm upstream of the inlet ports the dimensions of the inlet channels increased to 2 mm by 2 mm for reduced frictional loss. The diameter of the exit channel was approximately 0.4 mm. The surfaces of the mixing chambers of the 2 mixers were inspected using a SEM before packaging, and the roughness of the surfaces was found to be in the micron range.
Three different techniques were tested for the assembly of the swirling-flow mixer. The first method was to bolt the two acrylic plates together with screws. Because the surfaces of industrial acrylic sheets are extremely smooth, the two acrylic plates pressed against each other by the screws would make intimate contact. No bonding or sealing was applied to the contact surfaces of the two acrylic plates.
Plasma bonding was the second technique we tried to bond the two halves of the swirling-flow mixer. While this technique has been applied successfully to the bonding of a variety of materials, it failed to yield a good bonding between acrylic plates. Thus plasma bonding is probably not applicable to the packaging of MEMS or microfluidics fabricated from acrylics.
In the third technique a knife plotter by Graphtec cut the geometry of the contact surface out of 25 µm thick, double coated tape by 3M. The tape was then sandwiched between the two acrylic plates before the plates were tightly bolted with two screws. In the last stage the tape-bonded acrylic mixer was placed in a 65 o C oven for 45 minutes to ensure good bonding between the tape and the acrylic plates. Detailed information about this micro fabrication method can be found in Greer et al's paper [5] .
FACILITY FOR 3D NONDESTRUCTIVE INSPECTION
The instrument used in the present investigation of micro mixer packaging is a custom-designed, X-ray micro-CT machine, Konoscope 40-130, by ARACOR. A microfocus X-ray tube by Kevex (Model number KM 13006) was used for X-ray generation with a focus spot of 8 µm at 8 Watts, and 20 µm at 16 Watts. The 2D (two-dimensional) cone-beam projections of this micro CT system have 2048 x 2048 pixels over a 10-mm diameter. The system magnification can be adjusted by changing the location of the specimen on a computer-controlled vertical/rotary positioning stage, allowing for the imaging of objects up to 40 mm in diameter. The maximum material density this micro CT system can handle is about 8 x 10 6 kg/m 3 .
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The major component of the image detection system is a Photometrics XR300 camera with Thompson 2048 x 2048, Grade 1 CCD. It provides 16-bit digitization at 2 x 10 5 pixels per second. A Mac Power PC with LabView and LVCam installed was used to control the movements of the positioning stage and to acquire the CCD camera images. Three-dimensional tomographic images were reconstructed using an SGI Octane workstation. The software MIPAV (version 4) was used to display and navigate the 3D images. Detailed specifications and description of this custom-designed micro CT system can be found in Lin and Miller's paper [12] .
RESULTS AND DISCUSSION
The 3D images re-constructed by the micro CT system allow a nondestructive inspection of the interiors of a micro mixer after the mixer has been packaged. The software MIPAV which was originally developed for medical research makes it convenient to view the scanned images at different locations from different angles, or to navigate the 3D images for animation making. figure 3(a) , and is slightly upstream of the inlet ports in figure 3(b) . The crosshairs in these images are the projections of the orthographic views in the other two directions. Each pixel in these images is about 20 µm. The dark areas in the images are voids (air), and the white areas are the adhesive. The gray areas represent the acrylics. Due to the large difference in densities of these three materials (air, adhesive, and acrylics), the boundaries between different materials are clearly distinguishable in the X-ray images.
At the locations marked by the crosshairs in figures 3(a) and 3(b) the mixer was well sealed by the adhesive. The white areas (the adhesive) in the central and right panels in figure 3 are in good alignment with the mixer contour except for the lower edges of the two inlet ports in the right panels. On the other hand the bonding was not very good as evidenced by the gaps in dark color (voids) between the surfaces of the acrylic plate and the adhesive in the two central panels. The finger-shape white areas attached to inlet ports in the right panels indicate some adhesive was smeared into the mixing chamber during packaging, and partially blocked the flow passageway in the neighborhood of the inlet ports. The left panel in figure 3(a) showed one of the inlet channels was also partially blocked by the adhesive. In the left panel in figure 3 (b) the white area on the left has a slanted upper boundary, and the mixing chamber at this location is slightly narrower due to the smearing of the adhesive into the chamber. The X-ray images of the swirling-flow mixer fabricated by screw bolting are shown in figure 4 with a spatial resolution of about 20 µm per pixel. As can be seen in these images, the machined mixing chamber surfaces are very smooth and flat. The thickness of the mixing chamber is also fairly uniform. The hump at the mixer outlet in the left and central panels is the dried Rhodamine ink (the pink powder in figures 1 and 2 ). It has a density close to that of acrylics. A small gap -about 40 µm in width -between the two acrylic plates can be clearly seen in the left and central panels in figure 4 . Mixing of water and Rhodamine in this mixer was examined under a bifocal microscope, and no leakage was observed. The experimental observation proved that the high surface tensions of water and Rhodamine in small acrylic channels prevented leakage through the small gap between the two acrylic plates. The X-ray images however show that this packaging is not completely airtight, thus is not suitable for gas mixing.
The images of the swirling-flow mixer fabricated by tape bonding and bolted together with two screws are shown in figure 5 . A pixel size of about 40 µm was used in this scanning to allow a larger volume to be scanned by the micro CT system. It was found from these X-ray images that the tape we used had a density very close to that of acrylics. As a result the double-sided tape and the two acrylic plates are almost indistinguishable in these images. The adhesive coatings on the two sides of the plastic tape were compressed and deformed when the two acrylic plates were pressed against each other by the screws, resulting in good sealing of the mixing chamber and flow channels and intimate contact between the tape and the acrylic plates.
It is not expected the double-sided tape can hold the two acrylic plates together when the mixer is subjected to a large pressure difference. The screws in this packaging technique therefore serve two purposes: to secure together the two acrylic plates and to provide a compression force to the flexible tape for good sealing. The imperfect matching of the plastic tape and the mixer contour can be seen in a few places such as the top left corner of the mixing chamber in the left panel in figure 5 . The tape protruded into the mixing chamber is a bit blurry in this X-ray image because the tape thickness (25 µm) is only half of the pixel size (40 µm). Scanning with smaller pixels (which will reduce the size of the scanned volume) is needed for more accurate inspections of the alignment and matching of the layered structures when tape bonding is used for packaging.
CONCLUSION
Different packaging techniques were tested to assemble micro mixers fabricated from acrylic sheets, and the interiors of the mixers were inspected and characterized using a custom-designed micro CT system. The image acquisition and processing hardware and software of the X-ray scanner allowed convenient and thorough 3D inspection of every portion of the mixer. Plasma bonding did not work well on acrylic plates. The mixer assembled by screw bolting was not perfectly airtight, thus relying on surface tensions to prevent leakage through the small gap between the acrylic plates. X-ray images of adhesive bonding showed good contrast between the acrylics and the glue. Tape bonding provided good sealing, but densities of the tape and acrylics are very close, making it difficult to distinguish these two plastic materials in X-ray images.
